This study simulates an increased thermal capacitance (ITC) and thermal storage management (TSM) system to reduce the energy consumed by air conditioning and heating systems. The ITC/TSM is coupled with phase change materials (PCM), which enable tank volume reduction. The transient energy modeling software, the Transient System Simulation Tool (TRNSYS), is used to simulate the buildings' thermal response and energy consumption, as well as the ITC/TSM system and controls. Four temperature-controlled operating regimes are used for the tank: building shell circulation, heat exchanger circulation, solar panel circulation, and storage. This study also explores possible energy-saving benefits from tank volume reduction such as losses associated with the environment temperature due to tank location. Three different tank locations are considered in this paper: outdoor, buried, and indoor. The smallest tank size (five gallons) is used for indoor placement, while the large tank (50 gallons) is used either for outdoor placement or buried at a depth of 1 m. Results for Atlanta, Georgia show an average 48% required energy decrease for cold months (October-April) and a 3% decrease for warm months (May-September) for the ITC/TSM system with PCM when compared with the reference case. A system with PCM reduces the tank size by 90% while maintaining similar energy savings.
Introduction
For the residential sector in the South Atlantic portion of the United States (US), building energy consumption related to air conditioning and heating make up 42% of a building's total energy usage, where air conditioning constitutes 13% and space heating constitutes 29% [1]. Reducing energy consumption not only has a positive effect on the resident through decreased operating costs, it also has a possible environmental impact by decreasing dependence on natural resources such as coal and natural gas.
Due to this possible benefit, the US state of Georgia was chosen for simulations due to a high dependency on nonrenewable resources for electricity generation. Only 6.6% of the electricity produced by Georgia is from renewable energy sources, while the national average is around 16% [2] . This location could provide a larger opportunity for reducing carbon emissions than those states with a higher usage of renewable energy sources.
Methods for providing thermal comfort with no or little additional cost are often referred to as passive methods. Passive energy saving methods comprise a large variety of implementations; examples of such are building orientation and shading [3] , and indirect and direct heat storage. In indirect heat storage, gains can come from concepts such as a Tromba wall, water wall, or solarium, while in direct heat storage, heat enters the building through windows and walls [4] . These methods are limited to natural modes of heat transfer such as free convection and conduction. Shaviv et al. [5] studied the passive influence of thermal mass in hot humid locations by performing simulations using four variations of building materials. They found that buildings with a large thermal mass were able to reduce the internal building temperature by 3-6 • C without air conditioning (AC) operation.
Other research using building thermal mass for energy reduction have been well documented [6] [7] [8] [9] [10] [11] [12] [13] . The thermal inertial of a building is one of the controlling factors for the phase shift and amplitude reduction of "heat flow fluctuations" associated with the building's internal temperature response due to weather [11] . Aste et al. [12] found that buildings with external walls of a high thermal capacitance could results in lower heating and cooling demand, with peak savings of around 10% for heating and 20% for cooling. However, Reilly et al. [8] found that for cold climates, a large thermal mass could be a hindrance, and should be coupled with preheating strategies. Simulations by Slee et al. [13] showed an exponential relationship between thermal capacitance and the fluctuation of the daily internal building temperature. This illustrates that there is point at which increasing the thermal mass for a specific system would not provide any addition in benefits. The study presented in this paper uses an active mode of increased thermal capacitance along with temperature-driven controllers to manage the thermal capacitance.
The works previously mentioned above use only passive methods for additional thermal mass. If these methods used permanent installations, such as buildings constructed with a high thermal mass, then benefits could have been lost when a low thermal capacitance is favorable. Due to this, investigations into active thermal mass and thermal storage methods are of interest [14] [15] [16] [17] [18] [19] . Carpenter et al. [16] found building energy consumption reduced when implementing increased thermal capacitance though water circulation in the shell of the building. They found the greatest energy reduction (11%) when circulation included the ceiling, which is in the model for this paper. A review performed by Navarro et al. [14] found benefits associated with active methods for thermal energy storage (TES), but also stated that thermal water tanks have limited potential due to the impractical amount of space required. This paper aims to address this issue by introducing phase change materials (PCM) to a water storage tank to reduce tank size with only small reductions to heat storage capacity. Kong et al. [18] and Whiffen et al. [15] both conducted experiments showing the validity of integrating PCMs for increased thermal mass, Kong et al. through passive PCM wallboards, and Whiffen et al. though an active hollow slab with embedded PCM. Whiffen et al. were able to show a delay in AC onset by 1.2 h. The impact of PCM on building energy consumption has also been studied using numerical simulations using software such as the Transient System Simulation Tool (TRNSYS [20] ) [21] [22] [23] [24] , which was also used in this paper's study.
The purpose of this study was to investigate active increased thermal capacitance and thermal storage using a water loop system. Temperature control systems were also included to increase benefits when possible, and PCM was used to reduce the size of the water tank.
Reference Model
A reference model was simulated to provide a basis to compare the ITC/TSM system. All of the building materials, simulation parameters, and weather data listed in Sections 2.1 and 2.2 were kept constant for all of the simulations. This was done to isolate the effect of the water tank on the building air conditioning load requirement. The heating and cooling system was also unchanged between simulations. Figure 1 
Building Specifications and Location
A small single room wood-sided building with a concrete slab was selected for the simulations. It was intended to have a similar size as a small/medium apartment or small office building. The building had a floor plan of 100 m 2 (1300 ft 2 ) and 3-m (10 ft) high ceiling. Surfaces were chosen from the TRNSYS library, which contains typical wall constructions [25] . Materials were chosen to simulate lightweight buildings that are common in the southeastern part of the US. The wall, ceiling, and floor building materials and thickness are listed in Table 1 . Additionally, the building was ground coupled to allow heat transfer through the floor of the building. This was done by calculating the soil temperature at the depth of the slab foundation and allowing this to be the thermal boundary condition for the bottom side of the slab. An approximation for the soil temperature was obtained using Kusuda's equation [26] .
where Tmean is the average annual air temperature, Tamp is the maximum air temperature minus the average air temperature, d is the depth of the desired temperature, α is the soil thermal diffusivity, t is the day at which the temperature is found, and tshift is the day of year associated with the minimum air temperature. The values used for Atlanta, Georgia are given in Table 2 . 
where T mean is the average annual air temperature, T amp is the maximum air temperature minus the average air temperature, d is the depth of the desired temperature, α is the soil thermal diffusivity, t is the day at which the temperature is found, and t shift is the day of year associated with the minimum air temperature. The values used for Atlanta, Georgia are given in Table 2 . Weather information was selected from Typical Meteorological Year 2 (TMY2) data for Atlanta, Georgia. The following is the weather information used from TMY2 data: dry bulb temperature, percent relative humidity, and atmospheric pressure. TRNSYS Type 15 was used in conjunction with TMY2 data to calculate total radiation, beam radiation, and angle of incidence of beam solar radiation each surface as well as the effective sky temperature, humidity ratio, and ground reflectance. The walls of the building were identical and were oriented at azimuth angles of 0 • , 90 • , 180 • , and 270 • . Each external wall of the building had a 0.5 m 2 insulated window. These windows had a u-value of 1.3 and a g-value of 0.591.
Natural convection was assumed as the boundary condition of the internal walls, and an averaged forced convection was assumed for external walls. A standard value was used for the convective heat transfer coefficient, which was 3 W/m 2 K for the internal wall side, and 24 W/m 2 K for the external wall side [25] . For increased thermal capacitance (ITC)/thermal storage management (TSM) cases, automatic calculation was allowed to determine the inside heat transfer coefficient. This was because the internal heating or cooling of the wall can impact the surface temperature on which the natural convection heat transfer coefficient is dependent.
Heat Pump Parameters
A small air source heat pump was chosen to provide the heating and cooling requirements for the building. It was modeled using TRNSYS TESS (Thermal Energy System Specialists) Library component 954 with the percent relative humidity mode for moist air calculations. This component uses normalized capacity, sensible capacity, and power tables to calculate both the heating and cooling rates. The parameters for the selected heat pump were chosen from a commercially available split system heat pump data sheet, and are shown in Table 3 . From ASHRAE Standards 62.1 and 62.2 [27] , the required fresh air CFM (cubic foot per minute) per person for an office building is 17, and for an apartment building is 7.5. Therefore, 17 CFM/person was used in all of the simulations. Using this value, an air flow rate of 1200 CFM, and an outside damper position of 30% allows for up to 21 people to occupy the building at a single time.
Two different climate seasons were considered: a heating season and a cooling season. The heating season was set from 1 November to 31 March, and the cooling season was set from 1 April to 31 October. The thermostat setting included a setting for daytime and evening operation, and a 2 • C deadband around the nominal setting. Evening was considered to last from 8 p.m. to 8 a.m., and daytime was considered to last from 8 a.m. to 8 p.m. For the cooling season, a step-up temperature was applied during the daytime, and for the heating season, a step-back temperature was applied during the daytime. This was done to simulate how an individual might control the AC/heat when the building was not occupied to reduce operating costs. Values for the thermostat are listed in Table 4 . During the heating season, the air condition operated if the indoor temperature was above 24 • C (75.5 • F), and during the cooling season, the heater operated if the indoor temperature was below 18.5 • C (65.5 • F). Due to the nature of the southeast US weather, the conditions that allowed the heat pump to operate during the cooling season and the AC to operate during the heating season only occurred during the mild months of the year, which were April, May, and September.
ITC/TSM Model with PCM
The increased thermal capacitance and thermal storage management (ITC/TSM) model expanded upon the reference case by addition of a water loop system. Copper pipes embedded in the walls and ceiling of the building used water circulation to increase the thermal capacitance of the building, and thus increased the overall time constant of the building. Variations in the building's thermal time constant for each model are discussed in Section 3.3.
This water loop for this system comprised a hydraulic pump, water tank, heat exchanger (HEX), solar panel, valves, and copper pipes embedded in the walls and ceiling of the building. Figure 2 shows the TRNSYS schematic for the ITC/TSM model. During the heating season, the air condition operated if the indoor temperature was above 24 °C (75.5 °F), and during the cooling season, the heater operated if the indoor temperature was below 18.5 °C (65.5 °F). Due to the nature of the southeast US weather, the conditions that allowed the heat pump to operate during the cooling season and the AC to operate during the heating season only occurred during the mild months of the year, which were April, May, and September.
This water loop for this system comprised a hydraulic pump, water tank, heat exchanger (HEX), solar panel, valves, and copper pipes embedded in the walls and ceiling of the building. Figure 2 shows the TRNSYS schematic for the ITC/TSM model.
An air-to-water constant effectiveness cross-flow heat exchanger was chosen to be the main method of cooling the water during the warm season. This HEX, along with a low value for effectiveness (0.4), was chosen to give conservative results. The temperature of the air stream corresponded to the outdoor conditions. The water did not circulate through all four devices in a single cycle, but was diverted by two temperature and season-controlled valves. The HEX and solar panel were used to regulate the water temperature when climate conditions were beneficial. A seasonal switch was also implemented to only allow HEX circulation during the cooling season and solar panel circulation during the heating season. The purpose of this method was to add a non-temperature restriction on circulation. This approach kept the water from attempting to cool during the winter and heat during the summer. The An air-to-water constant effectiveness cross-flow heat exchanger was chosen to be the main method of cooling the water during the warm season. This HEX, along with a low value for effectiveness (0.4), was chosen to give conservative results. The temperature of the air stream corresponded to the outdoor conditions.
The water did not circulate through all four devices in a single cycle, but was diverted by two temperature and season-controlled valves. The HEX and solar panel were used to regulate the water temperature when climate conditions were beneficial. A seasonal switch was also implemented to only allow HEX circulation during the cooling season and solar panel circulation during the heating season. The purpose of this method was to add a non-temperature restriction on circulation. This approach kept the water from attempting to cool during the winter and heat during the summer. The switch operated on a monthly basis, which was associated with the heating/cooling seasons. Building circulation was always a priority; when the building could not benefit from water circulation and the outdoor climate was not favorable, the pump shut off and the water was stored in the tank (which was subject to losses to the surroundings). The requirements for these valves are listed in Table 5 . A large water tank was used to significantly increase the time constant of the building [19] . To retain a large thermal time constant and reduce the size of the tank, a phase change material (PCM) was added. Only water was circulated through the loop; the PCM remained in the tank. For simulation purposes, it was assumed that the phase change material was perfectly mixed in the water tank. The HEX and solar panel were used to heat or cool the water that cycles back to the PCM. This process kept the water temperature oscillating within the small temperature band close to the melting point of the PCM.
To implement the PCM in TRNSYS, a vertical cylinder fluid storage tank with a single inlet and outlet was modified. Seven user input parameters were added: percent of tank volume that is PCM, PCM solid and liquid density, PCM solid and liquid specific heat, melting temperature, and heat of fusion.
The program for the vertical thermal storage was modified in various ways. A crucial addition was the numerical approximation for the PCM's properties. This was done using a method demonstrated by Voller [28] , which proposed that the phase change happens over a small temperature range instead of isothermally. This allowed the specific heat of a phase change material to be approximated by a piecewise function as seen in Equation (1):
where Cp solid is the specific heat for the solid PCM with units of J/kg K, Cp liquid is the specific heat of the liquid PCM with units of J/kg K, LHF is the latent heat of fusion with units of J/kg, and is the small temperature interval over which phase change occurs with units of K. Selection of the temperature interval is discussed by Voller [28] . A graphical representation of the specific heat's relationship to temperature and enthalpy is shown in Figure 3 . Equation (3) represents the mass of PCM on a nodal basis:
To determine the mass of PCM, the density of the solid state was used. It was assumed that the PCM was solid when calculating the volume occupied in the tank.
Equation (4) is the modified nodal stored internal energy to include the PCM:
where T(i) is the temperature at each node with units of K, Cp is the specific heat of water with units of J/kg K, and Cp pcm (T(i)) is the temperature-dependent specific heat of the PCM. This value is only reported when calculating the internal energy change i.e., ∆e(i) = e(i) − e0(i) where e0 is the internal energy at the beginning of the simulation. The heat equation (Equation 5) for the ith tank segment was also altered to include the phase change mass and specific heat. The specific heat for the PCM is evaluated at the previous timestep.
where, ∆x i+1→i is the center-to-center distance between node i and the node below it (i + 1) in m,∆x i−1→i is the center-to-center distance between node i and the node above it (i − 1) in m, k is the thermal conductivity of water with units of W/mK, U tank is the loss coefficient (per unit area) of the tank with units of W/m 2 K, A s (i) is the surface area of node i in m 2 , T env is the environment temperature in K,ṁd own and ṁu p are the bulk fluid flowrate down/up the tank in kg/s, and ṁi n andṁ out are the mass flowrate entering at the inlet and leaving at the outlet in kg/s. This can be seen in a graphical representation of the energy flow into each node in Figure 4 , which was taken from the mathematical reference [29] provided by TRNSYS for Type 60. Other modifications included the reduction of water mass when PCM was added to the tank. Equation (2) 
where T(i) is the temperature at each node with units of K, Cp is the specific heat of water with units of J/kg K, and Cp pcm (T(i)) is the temperature-dependent specific heat of the PCM. This value is only reported when calculating the internal energy change i.e., ∆e(i) = e(i) − e0(i) where e0 is the internal energy at the beginning of the simulation. The heat equation (Equation (5)) for the ith tank segment was also altered to include the phase change mass and specific heat. The specific heat for the PCM is evaluated at the previous timestep.
where, ∆x i+1→i is the center-to-center distance between node i and the node below it (i + 1) in m, ∆x i−1→i is the center-to-center distance between node i and the node above it (i − 1) in m, k is the thermal conductivity of water with units of W/mK, U tan k is the loss coefficient (per unit area) of the tank with units of W/m 2 K, A s (i) is the surface area of node i in m 2 , T env is the environment Only the internal energy of the tank's ith segment was altered to include the PCM, since the PCM is not part of the flow energy transfer. The conduction of the phase change materials in each segment is included in the numerical approximation of the specific heat.
A generic paraffin PCM was chosen for simulations because of the stability in thermal cycling and the high heat of fusion [30] . Typical values of heat of fusions range from 200 kJ/kg to 280 kJ/kg; the specific heat is around 2 kJ/kg K, solid density is around 900 kg/m 3 , and melting temperatures range from −20 °C to 100 °C [30] . Preliminary simulations found benefits peaked for a melting temperature of 21.5 °C.
Values were chosen for the PCM using the generic paraffin ranges, and are presented in Table  6 . 
Verification of PCM Tank Operation
To verify that the specific heat modifications were working correctly, the tank was isolated with only a sinusoidal temperature input and constant flowrate. Figure 5 shows the average tank temperature, the PCM melting temperature, and the upper and lower bounds for phase chase. It can easily be seen how the temperature slowly decreased over 0.016 °C (ϵ = 0.008 °C) during phase change. This simplified mode is only shown for verification that the tank specific heat piecewise equation (i.e., Equation (1)) was operating as intended. Only the internal energy of the tank's ith segment was altered to include the PCM, since the PCM is not part of the flow energy transfer. The conduction of the phase change materials in each segment is included in the numerical approximation of the specific heat.
A generic paraffin PCM was chosen for simulations because of the stability in thermal cycling and the high heat of fusion [30] . Typical values of heat of fusions range from 200 kJ/kg to 280 kJ/kg; the specific heat is around 2 kJ/kg K, solid density is around 900 kg/m 3 , and melting temperatures range from −20 • C to 100 • C [30] . Preliminary simulations found benefits peaked for a melting temperature of 21.5 • C.
Values were chosen for the PCM using the generic paraffin ranges, and are presented in Table 6 . Table 6 . PCM Parameters.
PCM Parameter Value
Heat 
Verification of PCM Tank Operation
To verify that the specific heat modifications were working correctly, the tank was isolated with only a sinusoidal temperature input and constant flowrate. Figure 5 shows the average tank temperature, the PCM melting temperature, and the upper and lower bounds for phase chase. It can easily be seen how the temperature slowly decreased over 0.016 • C ( = 0.008 • C) during phase change. This simplified mode is only shown for verification that the tank specific heat piecewise equation (i.e., Equation (1)) was operating as intended. 
TRNSYS Solar Panel Selection
A 2 m 2 flat plate solar panel was selected and the parameters were found from a Solar Rating and Certification Corporation (SRCC) data sheet [31] . The TRNSYS TESS component 539 was used to model the solar panel in simulations. This was chosen for the ability to internally modulate the flowrate for outlet temperature control. If the collector was gaining energy, the flowrate varied between a user-defined maximum and minimum flowrate to attempt to deliver a desired outlet temperature. If this temperature could not be maintained, the collector would run at the minimum flowrate, and would automatically shut off if the collector was losing energy.
Minor modifications were made to the TRNSYS TESS component; the maximum flowrate was redefined as an input variable instead of a parameter. This allowed the maximum flowrate to change at each timestep. The maximum flowrate was set to the inlet flowrate to the solar panel; this method kept the solar panel from operating when the input flowrate was zero, and allowed it to stay on as long as the collector was gaining energy. The parameters for the solar panel are listed in Table 7 . 
Verification of Building Thermal Time Constant Increment
To confirm that the dominant time constant of the building increased when implementing the ITC/TSM system, a free response simulation was conducted. Equation (6) was used to model the response of each case. 
TRNSYS Solar Panel Selection
Verification of Building Thermal Time Constant Increment
To confirm that the dominant time constant of the building increased when implementing the ITC/TSM system, a free response simulation was conducted. Equation (6) was used to model the response of each case.
T Building = A·e
where τ is the time constant, C is the constant weather temperature, and A is a constant of integration. The above equation was rearranged to solve for the time constant τ.
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The inverse of the slope of Equation (7) yields the dominant time constant for the building.
For each case, the building's free response was found, and ln T Building − C was plotted versus time. These slopes and their respective linear trendline equations can be seen in Figure 6 .
The inverse of the slope of Equation (7) yields the dominant time constant for the building. For each case, the building's free response was found, andln(T Building − C) was plotted versus time. These slopes and their respective linear trendline equations can be seen in Figure 6 . The time constant of the reference case was 18 h, for the 50-gallon tank ITC/TSM case was 34.4 h, and for the five-gallon ITC/TSM with 95% phase change materials was 31.8 h. Thus, the PCM allowed for a 90% reduction in tank volume size with a very small reduction in the dominant time constant of the building.
Energy Balance
An energy balance was conducted for each major component in the simulation to ensure that the modifications to the water tank and the solar panel did not result in any unbalanced energy equations. A certain amount of error is expected for numerical simulations; therefore, the percentage of unbalanced energy is reported in the results section.
Water Tank
When examining the water tank, all of the thermal losses to the ambient conditions were neglected. Equation (8) was used to calculate the unbalanced energy rate for the water tank.
whereUBE tank is the unbalanced energy rate of the water tank, E out and E in are the energy removed by the outlet and energy supplied by the inlet as calculated internally by TRNSYS with units of kJ/h, Cp water is the specific heat of water with units of kJ/kgK, ṁo ut and ṁi n are the mass flowrate associated with the outlet and inlet with units of kg/h, and T out and T in are the inlet and outlet temperatures in K. For the water tank, 0.2% of timesteps did not satisfy the energy balance; however, after numerical integration of the energy rate, the energy associated with these timesteps only accounted for 0.00012% of the total energy transferred into or out of the tank subsystem.
Solar Panel
The solar panel energy balance was checked using Equation (9) . The time constant of the reference case was 18 h, for the 50-gallon tank ITC/TSM case was 34.4 h, and for the five-gallon ITC/TSM with 95% phase change materials was 31.8 h. Thus, the PCM allowed for a 90% reduction in tank volume size with a very small reduction in the dominant time constant of the building.
Energy Balance
Water Tank
where UBE tan k is the unbalanced energy rate of the water tank, E out and E in are the energy removed by the outlet and energy supplied by the inlet as calculated internally by TRNSYS with units of kJ/h, Cp water is the specific heat of water with units of kJ/kgK, . m out and . m in are the mass flowrate associated with the outlet and inlet with units of kg/h, and T out and T in are the inlet and outlet temperatures in K.
For the water tank, 0.2% of timesteps did not satisfy the energy balance; however, after numerical integration of the energy rate, the energy associated with these timesteps only accounted for 0.00012% of the total energy transferred into or out of the tank subsystem.
Solar Panel
The solar panel energy balance was checked using Equation (9) .
where Gained Energy is the TRNSYS internal calculation of energy gained by the solar collector with units of kJ/h, Cp water is the specific heat of water with units of kJ/kgK, . m in is the mass flowrate for the inlet with units of kg/h, and T out and T in are the inlet and outlet temperatures in K, respectively.
The energy balance for the solar panel showed that all of the timesteps balanced.
Results
Simulations based on the equations presented in Section 3 were used to obtain the monthly energy requirements for each case. The total cooling and heating loads were numerically integrated using TRNSYS Type 46. This was the primary metric that was used to determine the energy reduction benefits of the ITC/TSM system. A month-by-month case was used for showing seasonal benefits as opposed to an overall yearly benefit. Although energy was added to the building during the heating months and extracted during the cooling months, energy is shown only as positive values in Figures 7 and 8 . April, May, and September had the magnitudes of the added and extracted energy summed together. This was because both the heating and cooling modes are likely to be active during these months.
where Gained Energy is the TRNSYS internal calculation of energy gained by the solar collector with units of kJ/h,Cp water is the specific heat of water with units of kJ/kgK,ṁi n is the mass flowrate for the inlet with units of kg/h, and T out and T in are the inlet and outlet temperatures in K, respectively.
Simulations based on the equations presented in Section 3 were used to obtain the monthly energy requirements for each case. The total cooling and heating loads were numerically integrated using TRNSYS Type 46. This was the primary metric that was used to determine the energy reduction benefits of the ITC/TSM system. A month-by-month case was used for showing seasonal benefits as opposed to an overall yearly benefit. Although energy was added to the building during the heating months and extracted during the cooling months, energy is shown only as positive values in figures 7 and 8. April, May, and September had the magnitudes of the added and extracted energy summed together. This was because both the heating and cooling modes are likely to be active during these months.
The main objective of this study is to show the viability of tank volume reduction without loss of energy savings by implementing PCM. Simulations were completed for a 50-gallon tank without PCM, and a five-gallon tank with 95% of the volume occupied by PCM. Due to the size restrictions, the 50-gallon tank was required to be either buried at 1-m depth or located outside the building exposed to ambient conditions, and the five-gallon tank was located inside the building. Figure 7 shows the required energy for the reference case and two ITC/TSM cases. It illustrates how the addition of PCM allows for similar results with a volume reduction of 90%. It needs to be noted that the heat transfer losses to the ambient conditions are different for each case. Since the fivegallon tank is kept inside the building, heat transfer losses are less compared to the 50-gallon tank. Figure 7 also shows results for the 50-gallon tank when it is located outdoors.
Another benefit of using the small PCM tank is the ability for the tank to be located in a temperature environment that is close to the desired tank temperature, allowing for heat transfer to the ambient to be reduced.
The thermal losses for the indoor five-gallon tank is 99.58% less than the outdoor 50-gallon tank, and 99.54% less than the buried 50-gallon tank. For all of the cases, the tank was assumed to be wellinsulated, and has the same tank loss coefficient of 3 kJ/h m 2 K. The main objective of this study is to show the viability of tank volume reduction without loss of energy savings by implementing PCM. Simulations were completed for a 50-gallon tank without PCM, and a five-gallon tank with 95% of the volume occupied by PCM. Due to the size restrictions, the 50-gallon tank was required to be either buried at 1-m depth or located outside the building exposed to ambient conditions, and the five-gallon tank was located inside the building. Figure 7 shows the required energy for the reference case and two ITC/TSM cases. It illustrates how the addition of PCM allows for similar results with a volume reduction of 90%. It needs to be noted that the heat transfer losses to the ambient conditions are different for each case. Since the five-gallon tank is kept inside the building, heat transfer losses are less compared to the 50-gallon tank. Figure 7 also shows results for the 50-gallon tank when it is located outdoors.
The thermal losses for the indoor five-gallon tank is 99.58% less than the outdoor 50-gallon tank, and 99.54% less than the buried 50-gallon tank. For all of the cases, the tank was assumed to be well-insulated, and has the same tank loss coefficient of 3 kJ/h m 2 K. Figure 8 shows the monthly percent reduction in energy required by the heat pump. Energy reduction is not consistent, with an average heating reduction of 48% and an average cooling reduction of 3%. The month of May has no significant benefits, and September has moderate losses (24%). However, these losses are offset by the considerable savings found between NovemberMarch. The results indicate that it is possible that the valve operating conditions and the PCM parameters are more beneficial for cold months. Using different PCM and adjusting operating regimens for a specific season could show an increase in benefits. Specifically, water circulation currently operates on a monthly schedule when switching between the HEX and the solar panel for temperature regulation. More benefits could be found, or the losses in September could be reduced if a semi-predictive method was used on a weekly basis instead of using historical averages on a monthly basis. Although a 24% increase in consumption for September sounds significant, it is only 46 kWh, and is around 2% of the total required energy for the reference model during the cooling months. These new operating conditions could likely benefit other transitional months, as mild temperatures showed the least benefits from the system. Again, it must be noted that these mild months consume the least amount of energy. The overall yearly savings of the ITC/TSM model was about 35%, and the ITC/TSM with the PCM model was about 35.2%.
Conclusions
This study showed the capability of reducing the energy consumption of a small, lightweight, free-standing building due to air conditioning and heating units through a water loop system designed for ITC/TSM. PCM was added for the purpose of reducing the tank volume without a significant loss of energy savings. Tank volume reduction also allowed for reduced heat transfer loss as a result of indoor storage, although it was not the only factor for energy savings. Three different models were constructed for simulation: a reference case, an ITC/TSM case, and an ITC/TSM with PCM case. A 50-gallon tank was used in simulations for the ITC/TSM case, and a five-gallon tank was used for the ITC/TSM with PCM case. Although there was a 90% reduction of tank size, the PCM allowed for similar energy savings. The overall yearly savings of the ITC/TSM model were about 35%, and the savings of the ITC/TSM with PCM model were about 35.2%.
Although there was a slight loss in savings using the smaller tank, further development can possibly minimize this loss or provide additional benefits. A complete parameter study of the PCM could allow further energy savings, as was seen in preliminary simulations for the melting temperature. Future simulations will also include complex buildings with interior walls, doors, and additional windows to allow simulations that are a better representative of physical applications. Studies will also be conducted to determine the benefits associated with split flow operation and Figure 8 shows the monthly percent reduction in energy required by the heat pump. Energy reduction is not consistent, with an average heating reduction of 48% and an average cooling reduction of 3%. The month of May has no significant benefits, and September has moderate losses (24%). However, these losses are offset by the considerable savings found between November-March. The results indicate that it is possible that the valve operating conditions and the PCM parameters are more beneficial for cold months. Using different PCM and adjusting operating regimens for a specific season could show an increase in benefits. Specifically, water circulation currently operates on a monthly schedule when switching between the HEX and the solar panel for temperature regulation. More benefits could be found, or the losses in September could be reduced if a semi-predictive method was used on a weekly basis instead of using historical averages on a monthly basis. Although a 24% increase in consumption for September sounds significant, it is only 46 kWh, and is around 2% of the total required energy for the reference model during the cooling months. These new operating conditions could likely benefit other transitional months, as mild temperatures showed the least benefits from the system. Again, it must be noted that these mild months consume the least amount of energy. The overall yearly savings of the ITC/TSM model was about 35%, and the ITC/TSM with the PCM model was about 35.2%.
Although there was a slight loss in savings using the smaller tank, further development can possibly minimize this loss or provide additional benefits. A complete parameter study of the PCM could allow further energy savings, as was seen in preliminary simulations for the melting temperature.
Future simulations will also include complex buildings with interior walls, doors, and additional windows to allow simulations that are a better representative of physical applications. Studies will also be conducted to determine the benefits associated with split flow operation and semi-predictive methods for heating and cooling the water. This would allow portions of the flow to circulate through the building, while the remaining flow could be heated or cooled for the building benefit. These new operating regimes could be found using Bayesian classification techniques to minimize air conditioning and heating operating times.
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